IMPORTANCE Studies have shown that both high and low blood pressure (BP) may play a role in the etiology of brain atrophy. High BP in midlife has been associated with more brain atrophy later in life, whereas studies in older populations have shown a relation between low BP and more brain atrophy. Yet, prospective evidence is limited, and the relation remains unclear in patients with manifest arterial disease. SETTING University Medical Center Utrecht, the Netherlands. PARTICIPANTS A total of 663 patients (mean [SD] age, 57 [9] years; 81% male) with coronary artery disease, cerebrovascular disease, peripheral artery disease, or abdominal aortic aneurysm were included.
I t has been well established that high blood pressure (BP) increases the risk for vascular brain lesions, [1] [2] [3] and that BP reduction has favorable effects in preventing or slowing down the development of vascular brain lesions. 4, 5 The evidence for the relation between BP and brain atrophy is less clear, with some studies showing that high midlife BP is related to brain atrophy later in life, [6] [7] [8] while others show that in older individuals, especially low BP levels lead to an increased risk for brain atrophy. 9, 10 The relation between BP and brain atrophy may be different in patients with high vascular risk compared with the general population because they may be subject to early vascular aging. The corresponding increased arterial stiffness, impaired endothelial function, and vasodilatation could lead to impaired cerebral autoregulation, making them more vulnerable to lower BP levels. 11, 12 This may subsequently lead to progression of brain atrophy. 13, 14 Yet, to our knowledge, prospective data on the association between BP and the progression of brain atrophy in high vascular risk patients are scarce. 15 Here, we examine the prospective associations of baseline BP levels and change in BP levels over time with progression of global, cortical, and subcortical brain atrophy.
Methods

Second Manifestations of Arterial Disease-Magnetic Resonance Study
Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR) Study, a prospective cohort study on brain changes on magnetic resonance imaging (MRI) in patients with manifest arterial disease. 16, 17 Between 2001 and 2005, all patients newly referred to the University Medical Center Utrecht with manifest coronary artery disease (CAD), cerebrovascular disease (CVD), peripheral arterial disease (PAD), or an abdominal aortic aneurysm (AAA) and without MR contraindications were invited to participate. Patients with CAD were defined as having myocardial infarction, coronary artery bypass graft surgery, or percutaneous transluminal coronary angioplasty in the past or at inclusion. Patients with a transient ischemic attack or stroke at inclusion and patients who reported stroke in the past were considered to have CVD.
Patients with PAD were defined as having surgery or angioplasty of the arteries supplying the lower extremities in history or intermittent claudication or rest pain at inclusion. Those with AAA were defined as having present AAA (distal aortic diameter ≥3 cm) or previous AAA surgery. All patients underwent an MRI of the brain, a physical examination, ultrasonography of the carotid arteries, and blood sampling. Risk factors, medical history, and functioning were assessed with questionnaires. Between 2006 and 2009, follow-up measurements, including a brain MRI, took place. The SMART-MR Study was approved by the ethics committee of our institution, and written informed consent was obtained from all participants. Of the 1309 patients at baseline, 19 had no MRI and 14 had no fluid-attenuated inversion recovery (FLAIR) sequence. In addition, in 44 patients, brain volume data were missing owing to motion or artifacts. Of the remaining 1232 patients, 718 patients participated at follow-up. Of these, 38 had no MRI, and in 17 patients, brain volume data were missing owing to motion/ artifacts. Thus, the prospective analyses were performed in 663 patients (54% of 1232). The patients participating in the follow-up examination (N = 663) were on average younger, had lower BP levels, used more antihypertensive treatment, and had smaller brain volumes on MRI than the drop-outs (N = 569). 17 
Magnetic Resonance Imaging Protocol
At baseline and follow-up, the MRI investigations were performed on a 1.5-T whole-body system (Gyroscan ACS-NT, Philips Medical Systems). The protocol consisted of transversal T1-weighted (repetition time [TR] = 235 milliseconds, echo time [TE] = 2 milliseconds), T2-weighted (TR = 2200 milliseconds, TE = 11 milliseconds and TR = 2200 milliseconds, TE = 100 milliseconds), FLAIR (TR = 6000 milliseconds, TE = 100 milliseconds, inversion time = 2000 milliseconds), and inversion recovery (TR = 2900 milliseconds, TE = 22 milliseconds, inversion time = 410 milliseconds) sequences. Field of view was 230 × 230 mm and matrix size was 180 × 256 (slice thickness, 4.0 mm; no gap; 38 slices).
Brain Segmentation
We used the T1-weighted gradient-echo inversion recovery sequence and FLAIR sequence for the probabilistic segmentation technique. 18, 19 It distinguishes cortical gray matter, white matter, sulcal and ventricular cerebrospinal fluid, and white matter lesions (WMLs). The automated segmentation was visually checked and a further distinction was made into WMLs and infarct volumes by manually assigning the lesion volumes to one of these two categories. Total brain volume was calculated by summing the volumes of gray matter, white matter, WMLs, and infarcts. Total intracranial volume (ICV) was calculated by summing the total brain volume and the volumes of the sulcal and ventricular cerebrospinal fluid. Total brain volume, cortical gray matter volume, and ventricular volume were normalized for ICV and expressed as brain parenchymal fraction (BPF), cortical gray matter fraction (GMF) and ventricular fraction (VF) as indicators of global, cortical, and subcortical brain atrophy.
Brain Infarcts and White Matter Lesions
At baseline and follow-up, infarcts were rated visually by an investigator and a neuroradiologist blinded to clinical characteristics and reevaluated in a consensus meeting. Infarcts were defined as focal hyperintensities on T2-weighted images of greater than 3 mm in diameter. T2 hyperintensities located in the white matter also had to be hypointense on T1-weighted and FLAIR images to distinguish them from WMLs. Dilated perivascular spaces were distinguished from infarcts on the basis of their location, form, and absence of gliosis. Volumes of WMLs were normalized for percentage of the ICV (%ICV). Infarcts were categorized as lacunar (3-15 mm) and nonlacunar (cortical infarcts and large supratentorial subcortical infarcts >15 mm).
Blood Pressure
Blood pressure was measured twice in a sitting position with a sphygmomanometer, and the average of the 2 measure- 
Other Cardiovascular Risk Factors
Height and weight were measured without shoes and heavy clothing, and body mass index was calculated (calculated as weight in kilograms divided by height in meters squared). An overnight fasting venous blood sample was taken to determine glucose and lipid levels. Diabetes mellitus status was defined as a known history of diabetes, a fasting glucose level of greater than or equal to 7.0 mmol/L, or self-reported use of glucose-lowering agents. Hyperlipidemia status was defined as fasting total cholesterol greater than 5.0 mmol/L, fasting lowdensity lipoprotein cholesterol greater than 3.2 mmol/L, or selfreported use of lipid-lowering drugs. Smoking habits and alcohol intake were assessed with questionnaires and were categorized as never, former, or current. The presence of atherosclerosis in the carotid arteries was assessed at baseline by measuring carotid intima media thickness (CIMT) of the common carotid arteries using ultrasonography and the degree of carotid artery stenosis in the internal carotid arteries using color Doppler-assisted duplex scanning. 20 Carotid artery stenosis of 70% or greater was defined as peak systolic velocity greater than 210 cm/s.
Data Analysis
We used multiple imputation (10 data sets) to address missing values in the study sample (N = 663) using the statistical program R (aregImpute) version 2.10.0. 21, 22 Data were analyzed using SPSS version 20.0 by pooling the 10 imputed data sets. Analysis of covariance was used to estimate mean changes in BPF, GMF, and VF across baseline categories of SBP, DBP, MAP, and PP. Baseline SBP, DBP, MAP, and PP were included as independent variables and mean change in brain volume fractions during follow-up as dependent variables, adjusted for the baseline brain volume fractions.
Next, we estimated the mean change in brain volume fractions associated with a decline vs an increase in BP over time across the baseline BP categories (low, normal, and high). Adjustments were made for age, sex, baseline brain volume, and follow-up time (model 1); and smoking, alcohol consumption, body mass index, diabetes mellitus, hyperlipidemia, carotid atherosclerosis (CIMT and stenosis), arterial disease categories (CAD, CVD, PAD, and AAA), and antihypertensive treatment (model 2). As the relation between BP and progression of brain atrophy might be mediated or confounded by vascular brain lesions, we additionally adjusted for WML volume and brain infarcts at baseline (model 3) and follow-up.
To examine whether a nonlinear association was present, quadratic terms of BP were added to the regression models. In addition, to investigate whether the relation between BP and progression of brain atrophy was modified by markers of vascular aging (age, PP, and CIMT), interaction terms of BP measures with these markers were included in the regression models (model 2). If significant, stratified analyses were performed. Also, analyses were repeated within the arterial disease categories of CAD, CVD, and PAD (the AAA group was too small for reliable analyses, n = 39).
To investigate whether the observed associations could be explained by arterial disease severity, additional adjustments were made for the presence of arterial disease before inclusion in the study and the number of arterial disease locations.
Finally, the role of antihypertensive treatment on the observed associations was further explored in 3 ways. First, we estimated the association of antihypertensive treatment (yes/ no) with change in brain volume fractions (adjusting for demographics, baseline brain volume, follow-up time, cardiovascular risk factors and disease, and baseline BP). Second, we estimated the association of BP with progression of brain atrophy across strata of antihypertensive treatment (yes/no). And third, we adjusted the analysis of the association between change in BP with progression of brain atrophy for increase in the number of antihypertensive drugs during follow-up.
Results
The mean (SD) age of the study population was 57 (9) years (range, 28-79 years). At baseline, patients with higher DBP had higher SBP, PP, and MAP; were more often men; and more often had PAD, carotid atherosclerosis, and brain infarcts on MRI. Patients with lower DBP more often had CAD ( Table 1) . The mean (SD) total ICV was 1468 (129) mL; mean (SD) total brain, cortical gray matter, and ventricular volumes were 79.3 (2.6) %ICV, 36.3 (3.2) %ICV, and 2.0 (0.8) %ICV, respectively. After a mean follow-up of 3.9 years (range, 3.0-5.8 years), mean (SD) BPF and GMF decreased by 1.0% (1.1%) and 1.7% (2.1%), respectively, and mean (SD) VF increased by 0.2% (0.3%).
Baseline Blood Pressure Levels and Progression of Brain Atrophy
In the total population, lower baseline DBP and MAP, as well as higher baseline PP but not SBP, were significantly associated with an increase in VF (more progression of subcortical brain atrophy) (Figure 1) , with a mean difference in change in VF between low and high DBP of 0.07% (95% CI, 0.01-0.14), between low and high MAP of 0.05% (95% CI, 0.00-0.10), and between low and high PP of −0.07% (95% CI, −0.13 to −0.01) (model 3). Additional adjustment for WML volume and brain infarcts at follow-up did not change these effect estimates or the results presented in Figure 1 . Baseline SBP, DBP, MAP, and PP were not associated with change in BPF or GMF (data not shown).
Stratifying for arterial disease categories showed that the association of lower baseline SBP, DBP, and MAP with increase (5) 97 (6) 81 (10) Pulse pressure 55 (13) 58 (13) 66 (17) 59 (14) Mean arterial pressure 84 (6) 100 (7) 119 (9) in VF was particularly present in patients with CAD. In patients with CVD, the opposite was found: higher baseline BP was (nonsignificantly) associated with an increase in VF ( Table 2) .
Change in Blood Pressure Levels Over Time and Progression of Brain Atrophy
The mean (SD) increases in SBP, DBP, MAP, and PP during follow-up were 2.8 (21) mm Hg, 0.5 (12) mm Hg, 2.2 (14) mm Hg, and 1.3 (14) mm Hg, respectively. The eTable in the Supplement shows the BP characteristics according to combined categories of baseline DBP and change in DBP over time. The mean increase in BP was higher in patients with lower baseline BP levels. Also, the mean decline in BP was higher in patients with higher baseline BP levels. In addition, antihypertensive treatment was intensified in nearly all patients, particularly in those with higher baseline BP and declining BP levels over time (eTable in the Supplement). Declining DBP levels over time were associated with less progression of subcortical atrophy in patients with normal/ high baseline DBP; the mean difference in change in VF between the normal DBP decline and normal DBP increase group was −0.07% (95% CI, −0.11 to −0.02) (Figure 2A) . Although not statistically significant, a similar difference in the change in VF was found between the high DBP decline and the high DBP increase group: −0.06% (95% CI, −0.17 to 0.06). In patients with low baseline DBP, change in DBP over time was not associated with change in VF.
Findings were comparable with respect to MAP and to a lesser extent SBP ( Figure 2B and C) , showing that declining BP levels in patients with higher baseline BP were associated with less progression of subcortical atrophy. In contrast, declining SBP levels in patients with low baseline SBP was associated with more progression of subcortical brain atrophy ( Figure 2B) ; however, this group was very small (n = 8). Change in PP was not significantly associated with changes in VF. Adjustment for follow-up WML volume and brain infarcts yielded similar results as presented in Figure 2 . Also, adjustments for an increase in the number of antihypertensive drugs during follow-up did not materially change the results. Change in BP levels over time was not associated with change in BPF or GMF (data not shown).
There were no significant interactions between BP measures and age, or PP or CIMT (P>.10 interaction), and there were no clear J-shaped relations present (P>.05 quadratic) (data not shown). Excluding patients with extremely high or low BP levels (>200/110 mm Hg and <100/60 mm Hg, respectively; n = 40) did not materially change the results. Adjustments for measures of arterial disease severity did not materially change the results (data not shown). Finally, although antihypertensive treatment at baseline was borderline significantly associated with a decrease in VF (β = −0.04; 95% CI, −0.08 to 0.02), the association of baseline SBP, DBP, MAP, and PP, as well as change in these BP measures with change in brain volumes, was similar for patients with (n = 453) and without (n = 210) antihypertensive treatment (data not shown).
Discussion
In this prospective study in patients with manifest arterial disease, the main observations were that (1) low DBP (and MAP) at baseline were associated with more progression of subcortical atrophy, irrespective of the course of the BP levels during follow-up, and (2) declining DBP, MAP, and, to a lesser extent, SBP levels over time in patients with higher baseline BP were associated with less progression of subcortical brain atrophy. These results were independent of important confounders including antihypertensive treatment, cardiovascular risk factors, (severity of) arterial disease, WML volume, or brain infarcts on MRI.
To our knowledge, this is the first study that examined the prospective associations of baseline and changing BP levels over time with progression of brain atrophy in patients with manifest arterial disease. A previous study using data of the SMART-MR cohort related baseline BP to progression of brain atrophy and showed no association, possibly owing to the smaller sample size (N = 331). 15 Also, in community-based samples, few prospective studies have been performed, of which most showed no association, 2,23,24 while one found that higher midlife BP was associated with more progression of subcortical atrophy later in life. 25 Most evidence for the relation between BP and brain atrophy comes from cross-sectional population-based studies. In general, these show that high midlife BP is associated with more brain atrophy later in life, [6] [7] [8] 26 whereas in late life, low BP is associated with more brain atrophy. 9, 10, 27 Together, these and our data suggest that the effect of BP on the brain in a high-risk population of middleage individuals is comparable with that of older persons. Low BP (especially low DBP) in this high-risk population could be a risk indicator of early vascular aging. 12 Vascular aging is a well-known age-related stiffening process of the vasculature, and it has been related to an increased risk for ischemic and degenerative brain changes. 28 Interestingly, we found that a higher baseline PP was associated with more progression of subcortical brain atrophy, suggesting that arterial stiffness, or early vascular aging, may at least partly explain the low DBP-brain atrophy relation. However, adjusting for PP did not change the effect estimates, and PP did not modify the relation between DBP and the progression of brain atrophy. Another explanation for our findings could be that low DBP (and MAP) are markers of reduced cardiac output, which could be an independent risk factor for brain atrophy. 29 This hypothesis is supported by our finding that the association of low DBP and MAP with progression of subcortical atrophy was mainly present in patients with CAD. Although the vascular screening program of this study did not include measures of cardiac output, it is likely that a substantial proportion of the patients with CAD had heart failure and low cardiac output. Interestingly, in patients with CVD, higher SBP, DBP, and PP were borderline significantly related to more progression of subcortical brain atrophy, suggesting that the association depends on vascular disease location. Furthermore, a causal mechanism explaining low DBP and MAP-related brain atrophy should be considered. Patients with manifest arterial disease more likely have impaired cerebral autoregulation, making the brain more vulnerable for lower BP levels, particularly lower DBP and MAP because these are important constituents of cerebral perfusion pressure. 11, 13 Therefore, lower systemic DBP and MAP levels may be inadequate for healthy cerebral perfusion, which can evolve into a neurodegenerative process, 13, 14 eventually leading to brain atrophy, specifically subcortical brain atrophy because subcortical areas are very vulnerable for impaired perfusion and ischemic damage. 30 Finally, because the brain is involved in BP regulation, it is also possible that low BP is the consequence of brain atrophy. 31 Two studies examined change in BP levels over time in relation to brain atrophy, with inconsistent results. 24, 27 One study showed no association, 24 whereas the other found that especially declining DBP levels over time increased the risk for brain atrophy. 27 We found that a decline in DBP and MAP over time was associated with less progression of subcortical atrophy, except in patients with a low baseline BP. It is possible that declining BP levels in patients with higher baseline BP indicate adequate treatment for too-high BP levels, reducing the risk for brain atrophy, possibly through the reduction of cerebrovascular lesions. Although adjustment for baseline and follow-up WML volume and infarcts at MRI did not materially attenuate the associations, we previously showed that the presence and progression of periventricular WML volume and lacunar infarcts were associated with progression of brain atrophy. 32 It could be hypothesized that increasing BP levels may result in those microvascular changes subsequently causing brain tissue loss, 14, 33, 34 which could be counterbalanced by adequate antihypertensive treatment. Another explanation could be that those with increasing BP levels over time were therapy resistant or noncompliant; although our data show that antihypertensive treatment was intensified in these patients (eTable in the Supplement), we do not have information on dosages or compliance, which limited the possibility to investigate the role of antihypertensive treatment on the observed associations. The increase in BP was most pronounced in those with lower baseline BP levels, possibly owing to regression to the mean, noncompliance, or less-adequate antihypertensive treatment. Similarly, the decline in DBP was largest in the high-DBP decline group, possibly indicating intensified treatment or regression to the mean. Our finding that in patients with low baseline SBP, DBP, and MAP, those with declining BP levels over time showed similar or even more progression of subcortical atrophy as those with increasing BP levels over time could indicate that further BP lowering in the low baseline BP group might be harmful.
The major strengths of this study were the prospective design that enabled us to investigate change in BP over time with progression of brain atrophy, and the large number of patients included in the study. Furthermore, the segmentation of different brain tissue types and cerebrospinal fluid spaces made it possible to differentiate between GMF and VF. The extensive information on cardiovascular risk factors and markers of vascular brain lesions allowed us to investigate whether the associations of BP measures with change in brain volume were independent of these factors.
A limitation of this study was that individuals who participated in the follow-up examination were somewhat healthier compared with the nonparticipants at follow-up. This may have led to an underestimation of the true associations. Second, our BP measurements were performed on a single day in the clinic and might be influenced by a white-coat effect; therefore, they are less accurate than ambulatory BP monitoring. This may also have led to an underestimation of the observed associations. Finally, because our population consisted of patients with manifest arterial disease, the results might not be applicable to patients without arterial disease and to the general population. Yet, our data might suggest that patients with manifest arterial disease represent a subgroup within the general population in whom low BP might be harmful.
In summary, in this large cohort of patients with manifest arterial disease, low baseline DBP (and MAP) levels were associated with more progression of subcortical brain atrophy, irrespective of the BP course during follow-up. Furthermore, in patients with higher baseline SBP, DBP, and MAP, declining BP levels over time were associated with less progression of subcortical atrophy. This could imply that BP lowering is beneficial in patients with higher BP levels, but one should be cautious with further BP lowering in patients who already have low BP.
